Abstract. The radiative biexciton-exciton decay in a semiconductor quantum dot (QD) has the potential of being a source of triggered polarization-entangled photon pairs. However, in most cases the anisotropy-induced exciton fine structure splitting destroys this entanglement. Here, we present measurements on improved QD structures, providing both significantly reduced inhomogeneous emission linewidths and near-zero fine structure splittings. A high-resolution detection technique is introduced which allows us to accurately determine the fine structure in the photoluminescence emission and therefore select appropriate QDs for quantum state tomography. We were able to verify the conditions of entangled or classically correlated photon pairs in full consistence with observed fine structure properties. Furthermore, we demonstrate reliable polarizationentanglement for elevated temperatures up to 30 K. The fidelity of the maximally entangled state decreases only a little from 72% at 4 K to 68% at 30 K. This is especially encouraging for future implementations in practical devices.
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Experiment
The sample considered here is grown by molecular beam epitaxy on semi-insulating GaAs (001) substrate. (In,Ga)As QDs with low surface density are obtained by growth of InAs at a substrate temperature of 500
• C. As described in [16] , the QD emission is tuned in the sensitivity range of our Si detectors by overgrowing the QDs with 1.5 nm GaAs, followed by 4 min annealing (2 min at substrate temperature ramping from 500 to 560
• C plus 2 min at 560
• C) before continuing the growth of the GaAs cap layer. In order to improve the collection efficiency, QDs are embedded in the middle of a 260 nm GaAs layer (lambda-cavity) placed on top of 15 pairs of AlAs/GaAs (78.4/65 nm thick) and below a single pair of GaAs/AlAs. µ-PL measurements on individual QD structures are performed in a variable temperature helium-flow cryostat (T = 4 to 320 K) in combination with a confocal microscope assembly. One microscope objective (NA = 0.5) is used to focus the exciting laser on the sample surface (spot diameter ∼1.5 µm) and to collect the emerging luminescence. For non-resonant pulsed excitation of single (In,Ga)As/GaAs QDs above the GaAs barrier, a mode-locked Ti : sapphire laser with t pulse ≈ 1.4 ps wide pulses at a repetition rate of f laser = 76.2 MHz is used. Alternatively, a stabilized cw-Ti : sapphire ring laser serves to continuously pump the sample in the case of sensitive high-resolution µ-PL experiments (see description below). Spectral dispersion and detection of the µ-PL signal is achieved by a computerized grating spectrometer equipped with an N 2 -cooled CCD camera for time-integration.
Especially for detailed investigations on the linewidth and/or fine structure of the emission from individual QDs, a high-resolution set-up has been implemented. In previous work, interferometric measuring techniques have been applied to resolve linewidth and polarization splitting from single QDs by inserting a Michelson interferometer in the detection path of a standard µ-PL set-up [17, 18] . Here, we use a scanning Fabry-Perot interferometer instead, providing the benefit of an even faster measurement of the fine structure splitting directly in the frequency domain. Based on the above described confocal µ-PL set-up, a periodically scanning Fabry-Perot-type interferometer (FPI) in conjunction with a sensitive avalanche photo diode (APD) for photon detection is connected to the auxiliary output port of a f = 500 mm (1200 mm −1 ) spectrometer/monochromator unit. In this configuration, the monochromator (resolution E res = 50 µeV) is used to spectrally pre-select individual PL emission lines of interest which are subsequently fine-filtered by the FPI. Spectral fine scans over one or two free spectral ranges (FSR = 15 GHz or 62.035 µeV) by periodical variation of the mirror spacing d FPI result in a repetitive series of resonances where the conditions of internal constructive interference enable mth order transmission at the selected wavelength according to m · λ = 2 n d FPI . In this notation, n = 1 (air) denotes the refractive index of the medium between the FPI plates. For a controlled periodic tuning of the FPI resonance, a high-voltage ramp bias (0 to 1000 V) is applied to the piezo-electric etalon spacer elements by a stabilized external signal synthesizer. A necessary synchronization between the ramp generator bias sweeps and the detection loops of a multi-channel scaler (MCS) is accomplished through a logic 'start' trigger, thus allowing repetitive accumulations of the APD count rate as a function of the FPI tuning. Extensive tests of the high-resolution photoluminescence (HRPL) set-up have confirmed a significantly improved spectral resolution limit of E HRPL res ≈ 0.3 µeV, i.e. by a factor of ∼100 in comparison with the bare spectrometer assembly. A direct monitoring and/or selection of certain QD emission fine structure components is possible by a combination of a rotatable λ/2 zero-order wave plate followed by a fixed linear polarizer in front of the monochromator.
4
Investigations on two-photon correlations have been performed in terms of second-order g (2) (τ ) cross-correlation measurements on a Hanbury Brown and Twiss (HBT)-type setup [19] . For these correlations, the collimated µ-PL signal from the sample is first divided into two orthogonal detection arms by a non-polarising 50%-50% beam splitter. Each arm is equipped with a tunable grating spectrometer (1200 mm −1 ) which acts as a monochromator to individually filter either the biexcitonic or the excitonic emission. For detection of single photons along the filtered channels, each monochromator is followed by a high-sensitivity APD with ultra-low dark noise (25 to 80 cts s −1 typ.). The recording of photon coincidence events is performed by a two-step process of time-amplitude conversion (TAC) and subsequent multichannel analysis (MCA). For this, the TTL-shaped APD output pulses from each individual photon detection event serve as the 'start' (XX) and 'stop' (X) trigger channels of the TAC which converts the delay τ = t stop − t start within each photon pair into an equivalent bias pulse being detected by the MCA. The temporal resolution of this HBT set-up is t HBT res = 600 ps. For a detailed analysis of the two-photon cascades by polarization-resolved crosscorrelations in quantum state tomography (QST), rotatable λ/2 and λ/4 retarder plates in combination with 50%−50% polarising beam splitters have been introduced into the beam paths in front of each spectrometer. By a total of 16 combinations of polarization detection in accordance with the QST experiment and analysis scheme [20, 21] , the two-photon density matrixρ can be reconstructed from the Poisson-normalized τ = 0 values of the corresponding g (2) X X ,X (τ ) traces. From the resulting representation ofρ, conclusions about the degree of polarization entanglement can be derived in comparison with the expected scenarios of theory. Moreover, a classification of the achieved (classical or mixed entangled) photon polarization states in terms of fidelity F [22] , concurrence C [23] , tangle T and negativity N [24] can be derived.
Measurement results
The pre-selection of appropriate (In,Ga)As QDs has been performed as in previous work [7] , i.e. QDs with emission energies around 1.40-1.42 eV have been chosen due to their minimal fine structure splitting [8, 25] . Figure 1(b) shows a characteristic, nearly background-free µ-PL spectrum of a single dot. The emission lines correspond to the radiative decay of excitonic |X , biexcitonic |X X and charged excitonic |X carrier complexes. The observed emission lines are non-polarized, and no splitting is detected within the spectral resolution ( E µ-PL res ≈ 50 µeV) of the µ-PL set-up.
In order to resolve the fine structure splitting E FS , polarization-dependent high-resolution µ-PL measurements with E HRPL res = 0.3 µeV have been performed. Figure 2 shows the excitonic recombination lines of two QDs (QD A and QD B) exhibiting similar µ-PL spectra as discussed in figure 1(b) . Under these high-resolution conditions, distinct differences become observable under different polarization configurations. The actual inhomogeneous linewidth of both dots is in the range of E FWHM ≈ 10 µeV, and QD A reveals a clear fine-structure splitting E FS = 14.0 ± 0.3 µeV under stepwise variation of the linear polarization detection angle. As here E FS is larger than the radiative homogeneous linewidth ( E rad ∼ 0.7 µeV), both orthogonally polarized decay paths (see figure 1(a) , left panel) can be distinguished, thus resulting in classically polarization-correlated photons. In contrast, QD B reveals an almost vanishing fine structure of E FS = 0 ± 0.3 µeV. As will be discussed later, QST measurements demonstrate a high degree of photon entanglement in the emission of this QD. For practical implementations, e.g. under electrical injection conditions, the dots will be exposed to higher temperatures (T > 10 K) due to ohmic heating in a p-i-n diode-like structure. Therefore, a detailed knowledge of the temperature behaviour is indispensable for future applications. Systematic temperature-dependent µ-PL measurements have been performed, and the inset graph of figure 1(b) depicts the spectrally integrated intensities of the excitonic and biexcitonic decay channels as a function of T . With increasing temperature, a distinct increase of the PL signal is observed for both emission lines up to a maximum value at T ∼ 18 K, followed by strong decrease of the signal until almost no signal is observed above T = 60 K. The initial increase of quantum efficiency is indicative for a temperature-induced activation of 'frozen' carriers from shallow trap centres in the surrounding GaAs barrier matrix and/or faster carrier relaxation processes in this temperature regime. On the other hand, the decrease of the quantum efficiency beyond the former temperature range is caused by thermal emission of carriers (= losses) into the wetting layer. The early onset of thermal emission processes is due to the low carrier confinement energies of these type of QDs with nearly zero fine-structure splitting.
In order to gain detailed insight into the two-photon states, polarization-resolved g
X X −X (τ ) second-order photon cross-correlation measurement series [19] have been performed. In figure 3 , examples for the corresponding correlation traces as revealed in the linear and circular detection bases are depicted. As becomes evident from the linear basis results in figures 3(a) and (b), a high probability of collinearly polarized XX-X photon sequences following the same excitation cycle is reflected by a strong photon 'bunching', i.e. super-Poissonian statistics with an enhancement of C V V = 3.45 ± 0.02 as compared to uncorrelated light (C Poisson = 1). In contrast, the sequential emission of biexcitonic and excitonic photons under orthogonal linear polarization is significantly suppressed to a (normalized) value of C VH = 0.41 ± 0.02. From the τ = 0 correlation values in traces (a) and (b), a high collinear polarization correlation [8] of η VV−VH = (C VV − C VH )/(C VV + C VH ) = 0.79 ± 0.01 can be derived.
In addition to measurements in the linear polarization basis, figures 3(c) and (d) show representative data from cross-correlations in co-circular (R X X R X ) and contra-circular (R X X L X ) configuration. As a remarkable result, a strong contra-circular 'bunching' signal is found X X −X (τ ) photon crosscorrelation measurements in QST (16 combinations in total, after [20] ). The traces were observed from the cascaded |X X → |X → |0 spontaneous radiative recombination between the biexcitonic and excitonic states of 'QD B' (see figure 1) under pulsed excitation. The applied polarization detection settings for biexciton (index X X ) and exciton decay (index X ) are sequentially labelled as vertical V (horizontal H) in the linear and right-handed R (lefthanded L) in the circular basis, respectively. Numbers represent the Poissonnormalized integrals C of the central zero-delay correlation peaks with respect to uncorrelated photon coincidences at multiples of the laser repetition period t laser = f −1 laser = 13.12 ns.
(C RL = 3.03 ± 0.02), whereas no such tendency appears under co-polarized detection. From these configurations, again a high degree of polarization correlation η RR−RL = (C RR − C RL )/(C RR + C RL ) = −0.54 ± 0.01 is evaluated, which is expected for entangled photon emission. In order to derive the full information on the observed two-photon states, QST [20, 21] has been performed to derive the corresponding two-photon density matricesρ in both cases. From an application of the QST scheme, the correspondingly calculated density matrices of photon emission from QD A as well as QD B are composed in figures 4(a) and (b), respectively, wherê ρ is represented by its real and imaginary parts, Re(ρ) and Im(ρ) .
Beginning with the results obtained at T = 4 K from QD A, significant contributions appear only for the outer on-diagonal matrix elements of the real part which is in conformity with the expected behaviour of classical photon polarization-correlation. The additional observation of minor matrix contributions from orthogonal linear polarization (represented by the innerdiagonal elements 0.1 of Re(ρ)) could be attributed to (i) the detection of uncorrelated background photon events along the XX and X channels, and (ii) spin-flip processes between the intermediate excitonic fine structure levels, resulting in the known effect of recombination path intermixing [11] - [13] .
In clear contrast to the former scenario, the real part of the density matrix obtained for QD B (T = 4 K) contains also strong outer off-diagonal elements with a magnitude of ∼0. With special consideration of photon entanglement, QST on QD B has been performed for further temperatures up to T = 30 K. Up to this temperature regime, intense enough PL emission signatures from biexcitonic and excitonic recombination could be observed (see inset of figure 1(b) ). The reconstructed two-photon density matrix components Re(ρ) and Im(ρ) 9 derived at 30 K are shown in the right panel of figure 4 . Surprisingly, an almost identical matrix representation with similar magnitude of elements is found, which confirms a high degree of photon entanglement (see table in figure 4) . The minor increase of the inner diagonal element from 0.09 at 4 K to 0.11 at 30 K indicates a slight spin decoherence of the intermediate exciton state. The projection of the measured state on to the Bell state | + reveals a high fidelity of F = 0.68 ± 0.02. Therefore, our results indicate the potential of semiconductor QDs for triggered entangled photon generation at elevated temperatures. Combined with recent advances in external tuning possibilities of the excitonic fine-structure, e.g. by electric-field [26, 27] , strain [28] , post-growth thermal treatment [29, 30] or magnetic field [7] , QDs with higher confinement energies could be used which would consequently allow higher operation temperatures than the currently used QDs which exhibit low carrier confinement. Such improvements could lead to the realization of electrically-pumped triggered entangled photon sources.
Summary
In this paper, we presented a detailed investigation of non-classical light emission from single semiconductor QDs with special emphasis on photon pair entanglement. A high-resolution detection technique was introduced, allowing us to accurately and swiftly measure the fine structure of QDs with a resolution of E res = 0.3 µeV. Polarization-dependent second-order cross-correlation measurements were performed, indicating classical polarization correlations between the two photons from the QD's biexciton-exciton decay. Choosing QDs of different fine structure splittings, we were also able to unambiguously distinguish the conditions of either classical correlation or entanglement by measuring the density matrix of the corresponding twophoton polarization states. We have found high polarization entanglement in the case of small fine structure and no entanglement for dots with large fine structure splitting at T = 4 K. From QST measurements performed at elevated temperatures up to 30 K, triggered entangled photon pairs could be verified. Over the full temperature range investigated, the projection fidelity of the two-photon polarization state on the maximally entangled bell state decreases only slightly from 72% at 4 K to 68% at 30 K. Our results suggest that operation above 30 K could be possible which would be important for electrical injection of carriers due to unavoidable ohmic heating in the structure. Therefore, a compact electrically-pumped semiconductor source of triggered polarization-entangled photon pairs seems to be feasible in the future.
